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ABSTRACT
Both the relative phylogenetic placement of haplosporidians among other protist phyla 
as well as the within-phylum relationships of these parasites were investigated with the use of 
the complete SSU rRNA gene sequence. Genomic DNA was extracted from plasmodia of 
Haplosporidium louisiana. a parasite of the mudcrab Panopeus herbstii. and spores of 
Urosporidium crescens. a hyperparasite found in metacercariae of the trematode Megalophallus 
sp. in the blue crab, Callinectes sapidus. and the small subunit (SSU) rRNA gene was 
amplified by polymerase chain reaction (PCR), cloned and sequenced. The SSU rRNA gene 
sequence of H. louisiana consisted of 1,771 bases, while the same gene from H- crescens 
consisted of 1,854 bases.
The phylogenetic position of the phylum Haplosporidia was investigated with the 
complete SSU rRNA gene sequences from 5 species in the phylum: Haplosporidium nelsoni 
and Haplosporidium costale, parasites of the eastern oyster, Crassostrea virginica: H. 
louisiana: Minchinia teredinis. a parasite of shipworms (Teredo spp.) and U. crescens. 
Multiple alignments of the small subunit rRNA gene sequences included the 5 haplosporidian 
taxa and 14 taxa in the alveolate phyla Ciliophora, Dinoflagellida and Apicomplexa. 
Approximately 1,876 sites were included that could be aligned in all taxa considered.
Maximum parsimony analysis placed the phylum Haplosporidia as a monophyletic group 
within the Alveolata clade, as a taxon of equal rank with the other three alveolate phyla, and as 
the sister taxon to the clade composed of the phyla Dinoflagellida and Apicomplexa. 
Transversionally weighted parsimony placed the haplosporidians as the sister taxon to the 
ciliates.
A separate analysis focused on the relationships of species in the genus 
Haplosporidium. Analyses were conducted with the haplosporidians as a functional 
ingroup, using each of the alveolate phyla individually as functional outgroups. The results 
indicated that species in the genus Haplosporidium do not form a monophyletic 
assemblage. As such the present morphological criteria for distinguishing the genera 
Haplosporidium and Minchinia are insufficient.
Phylogeny of the H aplosporidia (E ukaryota: Alveolata) Based on Small 
Subunit Ribosomal RNA Gene Sequence.
2INTRODUCTION
The phylum and classification
The protistan phylum Haplosporidia Caullery and Mesnil 1899 is composed of 
histozoic parasites of a variety of freshwater and marine invertebrates. The classification 
of the Haplosporidia is not well established, its placement among protists is poorly 
understood and little is known of the biology of individual species. The phylum 
Haplosporidia is described as a group of parasitic protists that form uninucleated spores, 
without polar capsules or polar filaments, contained in a spore wall that has an anterior 
orifice (Perkins, 1990). The phylum Haplosporidia consists of 33 described species in 3 
genera, Minchinia Labbe 1896, Haplosporidium Caullery and Mesnil 1899 and 
Urosporidium Caullery and Mesnil 1905. In Haplosporidium (Fig. 1 A) and Minchinia 
(Fig. IB) the orifice is covered by a hinged operculum on the outer surface of the orifice, 
in Urosporidium the orifice is covered by a flap of wall material on the inner surface of the 
orifice (Fig. 1C) (Perkins, 1996).
Since the discovery of the first haplosporidian in the late 1800s, the group has been 
troublesome for taxonomists and phylogeneticists. The group was first recognized as an 
order by Caullery and Mesnil (1899) and placed in the class Sporozoa of the phylum 
Protozoa. Caullery and Mesnil created the genus Haplosporidium to contain H. scolopli 
and H. heterocirri, two sporozoan parasites of marine annelids. They established the 
criteria for the genus when they described the haplosporidians as a coherent group 
exhibiting spores that are truncated and closed with some sort of a cover which functions 
as a valve, and when placed in sea water allows the release of the restrained homogenous
3Figure 1. Scanning electron micrographs (SEM) of haplosporidian spores. Spores exhibit 
the anterior orifice covered by a hinged operculum (arrows) for Haplosporidium louisiana 
(A) and for Minchinia teredinis (B). Urosporidium crescens (C) lacks the hinged 
operculum at the orifice (arrow). Scale bars = ljim.

4protoplasm and a large nucleus (Sprague, 1963).
The genus Urosporidium was established for a haplosporidian parasite of the 
marine annelid Svllis gracilis. Urosporidium fuliginosum Caullery and Mesnil 1905 is 
found in the coelom of £. gracilis and is the only member of the genus known from 
annelids, the remainder being hyperparasites in trematode larvae (Ormi&res et al., 1973) or 
juvenile nematodes (Perkins, 1971). In a 1905 classification by Caullery and Mesnil, the 
family Haplosporidiidae of the order Haplosporidia consisted of the genera 
Haplosporidium and Urosporidium.
The genus Minchinia was established for a parasite of chitons which had been 
originally described (Lankester 1885) as a coccidian, Klossia chitonis. Labbe (1896) made 
K. chitionis the type species of a new monotypic genus, Minchinia. Pixell-Goodrich 
(1915) was the first to point out that the genus Minchinia belonged in the Haplosporidia, 
and not among the Coccidia. Debaisieux (1920) however, felt that the genera Minchinia 
and Haplosporidium were synonymous and suppressed the name Minchinia and renamed 
this species Haplosporidium chitonis.
There have been numerous taxonomic schemes proposed to determine which 
higher taxa are appropriate within the Haplosporidia. Historically the taxon Haplosporidia 
has been treated as a last resort for a diversity of spore-forming parasites which have 
multinucleated naked cells in their life cycles, and were not readily classifiable (Sprague, 
1979). Kudo (1931) characterized the order by the production of simple spores. In his 
classification the order Haplosporidia was composed of the genera Haplosporidium. 
Urosporidium. Anurosporidium. Bertramia. Ichthvosporidium and Coelosporidium. 
Caullery's classification (1953) rejected about 30 genera from the Haplosporidia, initiating 
the need for better justification other than having simple spores and not obviously 
belonging to another group. His classification included only the genera Haplosporidium. 
Urosporidium. Anurosporidium. Nephridiophaga. and Phvscosporidium within the family 
Haplosporidiidae.
5Sprague (1963) re-established the genus Minchinia and the type species M- chitonis 
on the basis of characters of the spore lid. He transferred from Haplosporidium to 
Minchinia species producing spores with apparently over-hanging lids, because he felt that 
such lids are modified portions of the outer spore coat and that lids characteristic of 
Haplosporidium are essentially portions of the spore wall. Sprague (1963) held that 
Minchinia was erroneously suppressed as a junior synonym of Haplosporidium. In a later 
classification, Sprague (1966) separated the genera into two groups at the familial level 
placing Nephridiophaga and Physcosporidium in a different family. He also added the 
genus Minchinia and suppressed the genus Anurosporidium. The rejection of 
Anurosporidium was based on Dollfus’ (1925, 1946) findings of tails on spores of the 
type species and, thus, Sprague determined that it was a junior synonym of Urosporidium. 
Electron microscopic studies have since proved Sprague’s (1963) distinction between 
genera based on spore lid morphology to be invalid (Sprague, 1970).
Through the use of electron microscopy, a variety of tubular, filamentous or 
ribbon-like strands of material can be observed on the external spore surface of some of the 
haplosporidian species, and are referred to throughout the literature as ornamentation 
(Perkins, 1996). This ornamentation is structurally diverse within the phylum. 
Differentiation between Minchinia and Haplosporidium has been based on the presence and 
type of spore projections. Unfortunately descriptions and terminology throughout the 
literature are vague (McGovern and Burreson, 1990). In the past, authors have used a 
variety of terms in the description of ornamentation or in some cases not included 
descriptions at all. This inconsistency has led both to misinterpretation and to problematic 
placement of species.
Sprague (1970) suggested that the presence or absence of spore tails/filaments be 
used as the basis for distinguishing between Minchinia and Haplosporidium species. He 
then transferred from the genus Minchinia to the genus Haplosporidium. species with 
spores lacking tails (Sprague, 1979). Minchinia nelsoni Haskin, Stauber, and Mackin
61966 thus became Haplosporidium nelsoni and Minchinia louisiana Sprague 1963 became 
Haplosporidium louisiana due to their lack of tails. The confusion concerning generic 
placement of haplosporidians is evident in species such as Haplosporidium costale Wood 
and Andrews 1962 which has been subjected to changes from Haplosporidium to 
Minchinia and back to Haplosporidium again (Sprague, 1978). A major change in the 
classification of the Haplosporidia was the separation of the Haplosporidia along with the 
Paramyxea Chatton 1911 from other "sporozoa" by establishment of the new phylum 
Ascetospora (Sprague, 1979). In this classification the Haplosporidia were placed in the 
order Balanosporidia Sprague 1978 within the class Stellatosporea Sprague 1978. As 
well, the genera Nephridiophaga and Physcosporidium were removed from the 
Haplosporidia due to a lack of positive characters and, in addition to the restoration of the 
genus Anurosporidium. two genera were added to this classification, Marteilia and 
Paramvxa.
Ormieres' (1980) interpretation of the original type species descriptions led to an 
alternative mode for distinguishing between Haplosporidium and Minchinia. He 
distinguished between extensions of the spore wall and extensions of epispore cytoplasm. 
Unlike Sprague, Ormieres took into consideration the structural origin of the 
ornamentation. Ormieres (1980) defined Minchinia spores as possessing tails (extensions 
of epispore cytoplasm) and Haplosporidium spores as possessing filaments (extensions of 
the spore wall that persist after degradation of epispore cytoplasm).
In a classification of the Ascetospora by Deportes and Nashed (1983) the genus 
Marteilia was included within the class Paramyxea making the orders Balanosporidia and 
Stellatosporea unnecessary because they referred to comparative paramyxean and 
haplosporean features. In their classification, the three genera Haplosporidium. Minchinia 
and Urosporidium were placed within the class Haplosporea, whereas the genera Martelia 
and Paramvxa were included in the class Paramyxea.
7Perkins (1988, 1990) grouped species possessing spores with extensions visible 
with a light microscope, irrespective of whether they originate from the spore wall or in 
epispore cytoplasm, together in the genus Minchinia. and placed species with spores 
lacking such extensions in the genus Haplosporidium. Recently, the phylum Ascetospora 
has been abandoned and the Haplosporidia and Paramyxea each elevated to phylum rank 
(Deportes and Perkins 1990, Perkins 1990, 1991, 1996, Cavalier-Smith 1993).
However, Corliss (1994) has retained the phylum Ascetospora for both groups. These 
differences in the two most recent classifications (Corliss 1994, Perkins 1996) are 
evidence that the taxonomy of this group is still in a state of flux.
General description
In the most recent overview of the phylum (Perkins, 1996) the three genera have 
been described as follows:
The genus Haplosporidium is characterized by oval spores possessing an 
operculum covering the orifice, which gives the spore a slightly flattened look on one end 
when seen through a light microscope. Spores are wrapped with filaments formed in the 
epispore cytoplasm, and range in size from 2.8-12 x 4.3-15 J i m .  There are fifteen named
Haplosporidium species found in freshwater oligochaetes and molluscs in addition to 
marine molluscs, Crustacea, urochordates, echinoderms, and polychaetes.
The genus Minchinia is characterized by species having spores of the same general 
shape as those of species Haplosporidium. with the exception of their ornamentation, 
which is organized into prominent extensions that are visible with light microscopy. Nine 
named species occur as parasites of marine polychaetes and molluscs.
The genus Urosporidium contains spores that are either oval or spherical and also 
have an anterior orifice. In contrast to the former two genera, the orifice in Urosporidium 
is covered by a tongue of wall material tucked inside the aperture. One or more 
characteristic extensions of epispore cytoplasm are maintained by bands or ribbons of
8cytoplasmic material. The spores range in size from 3.0-5.9 x 5-13.3 pm and the 
extensions range from 10 to 43 |im long. There are seven named species that are mostly 
found as hyperparasites of trematode sporocysts or metacercariae, or of juvenile 
nematodes.
Local species
There are six species of haplosporidians known in the middle Atlantic region of the 
United States, Haplosporidium nelsoni. Haplosporidium costale. Haplosporidium 
louisiana. Minichinia teredinis. Urosporidium crescens. and Urosporidium spisuli.
Haplosporidium nelsoni infects oysters fCrassostrea virginica) along much of the 
Northwest Atlantic seaboard of the United States, in which it causes a lethal disease known 
as MSX (multinucleated sphere X = unknown). Since the appearance of H. nelsoni in the 
Delaware and Chesapeake Bays in the late 1950s it has been responsible for periodic, 
large-scale oyster mortality in estuaries of the middle Atlantic coast. Because of these 
catastrophic oyster mortalities, oyster planting ceased in a large area of high-salinity 
(>15%o) waters in the lower Chesapeake Bay (Perkins, 1990). Haplosporidium nelsoni 
has been responsible for killing oysters at annual rates of 50-60 percent (Andrews, 1979). 
Although H. nelsoni has been present in both the Delaware and Chesapeake Bays over the 
past thirty-seven years, the life cycle of this parasite remains unknown (Andrews, 1984). 
Attempts to transmit infections in the laboratory have been unsuccessful. Because of the 
lack of correlation between disease severity and oyster abundance, investigators have 
suggested the existence of an intermediate host, a species other than C. virginica. which 
serves as a source of Haplosporidium nelsoni from which oysters become infected (Ford 
and Haskin, 1982; Andrews, 1984). Additional evidence for an intermediate host is the 
persistent high prevalence of H. nelsoni in the lower Chesapeake Bay during favorable 
salinity conditions even though there are few native oysters remaining in this area to serve 
as sources of infection (Andrews, 1984; Haskins and Andrews, 1988). Infections of H.
9nelsoni are acquired during five months from late May through October. Haplosporidium 
nelsoni kills oysters year-round with peaks in June-July and August-September depending 
on the time of infection. Sporulation is confined to the epithelia of digestive tubules, and 
can be seen year-round (Andrews, 1979). Average spore size is 8.1 pm by 5.5 pm 
(Couch, 1967) and the strands or wrappings around the spores are tubular with 
considerable internal complexity (Perkins, 1968).
A second oyster pathogen, Haplosporidium costale (Sea Side Organism or SSO), 
was found almost simultaneously with H. nelsoni on the Atlantic coast of Virginia in high- 
salinity waters (>30%e) (Andrews, 1979). The pathogenicity of both species appears to be 
most closely tied to salinity, with the pathogenic range for H. nelsoni lying between 15-30 
%c (Andrews and Frierman, 1974), and above 30 %o for H. costale (Andrews and Wood, 
1967). Haplosporidium costale populations are more stable than those of H. nelsoni. 
presumably because of their closer proximity to the ocean and less influx of fresh water 
(Perkins, 1990). Haplosporidium costale infections are initiated after May-June enzooics, 
which is also when sporulation occurs, resulting in rapid death of oysters. Sporulation 
occurs simultaneously throughout the connective tissues of all organs. The spore size of 
4.3 }im by 3.3 pm (Couch, 1967) is smaller then that of H. nelsoni.
Haplosporidium louisiana was reported first by Sprague (1954) from a mud crab in 
Louisiana. He reported no apparent effects on the host with the exception of a darkening of 
the gut wall due to the large number of parasites present. Continued research is needed to 
determine the effects of H. louisiana on mud crab populations.
Perkins (1975) reported finding a haplosporidian species resembling H- louisiana 
in the mud crab Panopeus herhstii from the York River, VA. Sporocysts were found in 
the hepatopancreas and the musculature of P. herhstii. Perkins’ study (1975) was initiated 
to determine whether the species found in the mud crab resembled H. nelsoni. Panopeus 
herbstii have experimentally exhibited preferences for substrates that are characterized by '
complex topography (Day and Lawton, 1988) and are commonly found at the mud and
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oyster reef interface. These mud crabs are known also to prey actively on oyster spat, 
dead oysters and barnacles (McDermott, 1960). Because of this close association with 
oysters P. herhstii was logically thought to be a possible alternate host for H. nelsoni. 
However, Perkins (1975) noticed that H. nelsoni has large formative regions for 
haplosporosomes whereas H- louisiana does not. He also noticed differences in 
haplosporosome shape; H. nelsoni has spherical-shaped haplosporosomes and H. 
louisiana has club-shaped haplosporosomes. Differences in spore sizes (12 pm by 8 pm) 
and wrapping substructure were also evident. Wrappings around the spores of
H. louisiana are electron dense and have no substructure (Perkins 1975)
Minichinia teredinis Hillman, Ford, and Haskin 1990 is a parasite of woodboring 
shipworms (Teredo spp.) from high salinity areas along the middle Atlantic coast of the 
United States. Minichinia teredinis was discovered when an analysis of the effects of 
outflow from a nuclear generating station was conducted on shipworm populations in 
Bamegat Bay, New Jersey (Hillman, 1978). Monthly prevalences of infection were 
determined from 1975-1980 and infected shipworms were found throughout the year with 
prevalence peaking in the fall of every year. Although sporocysts are most abundant in the 
host's gills, they are found in nearly all tissues of infected shipworms (McGovern and 
Burreson, 1990). Shipworms with heavy infections are characterized by numerous white 
and brown pinpoints (the sporocyts), visible macroscopically, throughout the mantle and 
gills. Heavy infection in the gill epithelium causes deterioration, which is presumed to be 
responsible for the release of spores (McGovern and Burreson, 1990). Heavy infections 
of M- teredinis are common but, in contrast to the oyster pathogens, effects on the 
shipworm population have not been well documented (Hillman et al., 1982). Spores are 
approximately 4 pm in diameter with four distinct epispore cytoplasmic extensions ranging 
from 10-30 pm in length. These extensions contain micro tubule-like structures that add 
support (McGovern and Burreson, 1990).
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Urosporidinm crescens. first found in North Carolina, is also found in both 
Virginia and Maryland. It seems to be more prevalent in higher salinity waters and thus is 
less prevalent in Maryland than Virginia (Sprague, 1970). Urosporidium crescens is 
pathogenic to the metacercariae of a trematode, Megalophallus sp. that, in turn, parasitizes 
the blue crab, Callinectes sapidus. Even though large numbers of the cysts may be found 
in the musculature, hepatopancreas, and gills of blue crabs, Couch (1974) observed that 
there is no evidence that the trematode causes mortalities in blue crabs. The minute, 
brownish, hyperparasitic haplosporidian infects tissues of the encysted worm. The 
infected Megalophallus sp. metacercariae are readily recognized because they become 
enlarged, darkly pigmented and appear as black specks scattered throughout the body and 
at the bases of the gills of the crab (Sprague, 1970). Urosporidium crescens develops at 
the expense of the trematode, producing an enormous number of spores, thus causing lysis 
of the connective tissues and epithelial cells of the worms. Even though the metacercariae 
become filled with U. crescens. motility can still be observed in the encysted worms found 
in living crabs. Because the protozoan is never observed in crab tissues and because dead, 
infested metacercariae are not observed in living crabs, it is believed that the haplosporidian 
is released from the trematode only upon death of the crab and that subsequent release of 
the cyst is necessary for release of the spores (Perkins, 1971). Spores of II- crescens are 
about 6 pm in diameter with a posterior epispore extension forming a tapered tail 
(Sprague, 1970).
Urosporidium spisuli was determined to be a separate species by Perkins et al.
(1975). It is found in juvenile anisakid nematodes infecting the musculature of surf clams 
fSpisula solidissima) off Cape Henry, Virginia. Surf clams are commercially important 
along the East and Gulf coasts of the United States Surf clams containing parasitic 
nematodes had gone unnoticed or unreported because the worms are normally the same 
color as the clams. When the hyperparasites sporulate, the nematode becomes brown or 
black and is then readily visible in the musculature of the clam, resulting in rejection by the
12
potential buyer (Perkins et al., 1975). The spore diameter is approximately 5 J im  with two 
or three epispore cytoplasmic extensions reinforced by cytoplasmic fibrils (Perkins et al.
1975)
P hylogeny
The few morphological phylogenetic studies conducted on the haplosporidians 
have not been successful in determining generic distinction or placement among other 
protists. Suggestions that the haplosporidians and the microsporidians are closely related 
(Desportes and Nashed, 1983) have been based on apparent morphological similarities. 
Desportes and Nashed argued that the spherule of the Haplosporidia and the polar filament 
of the Microspora are homologous and noted similarity in the spindle pole bodies involved 
in nuclear division of both groups. Ultrastructural data have also been used to suggest a 
similarity between micronemes of the phylum Apicomplexa and the electron dense 
haplosporosomes of haplosporidians (Perkins, 1971).
The use of molecular data can eliminate the problem of confusing and vague 
definitions found throughout the haplosporidian morphological literature. Subjective 
interpretation is greatly reduced in a molecular-based phylogeny. The small subunit (SSU) 
rRNA gene has been studied more extensively than other rDNA sequences and provides 
the largest molecular comparative data base (Schlegel, 1994). The primary reason this 
gene has been studied extensively is that it is among the slowest evolving sequences found 
throughout living organisms, allowing for less alignment ambiguity and for a meaningful 
phylogenetic signal across distinct taxonomic lines (Hillis and Dixon, 1991). Another 
advantage to the use of SSU rRNA genes is the availability of universal primers that will 
amplify the SSU rRNA gene of any eukaryote (Medlin et al., 1988). The first attempt to 
determine relationships of the haplosporidians through the use of the SSU rRNA gene 
sequence of H. nelsoni was unsuccessful (Fong et al., 1993). More recently, analysis of 
the complete SSU rRNA gene sequences of two haplosporidians, H. nelsoni and 
Minchinia teredinis. suggested an affinity with alveolates (ciliates, dinoflagellates and
apicomplexans) (Siddall et al., 1995). Siddall et al. (1995) were unable to determine the 
within-group relationships of these parasites to each other.
In the present study, the complete SSU rRNA gene sequence was determined for 
Haplosporidium louisiana and Urosporidium crescens. These sequences along with the 
previously determined sequences of H. nelsoni. H. costale, and M- teredinis were used to 
reinvestigate the findings of Siddall et al. (1995) concerning phylogenetic position of the 
Haplosporidia, and to assess the present assignment of species to genera.
14
MATERIAL AND METHODS 
DNA extraction and purification
Spores of Haplosporidium louisiana Caullery and Mesnil 1889 were obtained from 
claw muscle tissue of a heavily infected mud crab, Panopeus herbstii Edwards 1834, 
collected from the Virginia Institute of Marine Science (VIMS) oyster pier in the lower 
York River, VA in September 1991. Spores of Urosporidium crescens De Turk 1940 
were collected in November 1994 from microphallid trematode metacercariae infecting blue 
crabs, Callinectes sapidus Rathbun 1896 from the VIMS Eastern Shore biological station 
in Wachapreague, VA. Spores were isolated through maceration of infected tissue with a 
scalpel and fine forceps in 22 %o sea water and incubation at room temperature. Water was 
changed daily and after 1 week all tissue had been degraded. Spores were washed 3 times 
in 0.22 |im filtered sea water and stored at 5°C.
For DNA extraction, spores were washed in TE buffer (lOmM Tris, pH 8.0; 
l.OmM EDTA) and subjected to mechanical degradation through the use of a mortar and 
pestle under liquid nitrogen. Spores were broken down further through resuspension in a 
lysing solution (50 mM Tris, pH 8.0; lOOmM EDTA; 1% Sarkosyl; 0.5 mg/ml proteinase 
K) and incubation overnight at 45°C. The genomic DNA was recovered from the cell 
lysate using 2 extractions with phenol: chloroform: isoamyl alcohol (25:24:1) followed by 
isopropanol precipitation. RNA was degraded by digestion with 100 mg/ml RNase for 1 
hour at 37°C. DNA was purified using an ethidium bromide/high-salt extraction 
(Stemmer, 1991).
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DNA amplification and cloning
The SSU rDNA was amplified from H. louisiana and U- crescens genomic DNA 
using the universal primers for eukaryotic 16S-like rDNA (Medlin et al., 1988). 
Polymerase chain reaction (PCR) mixtures contained reaction buffer (10 mM Tris, pH 8.3; 
50 mM KC1; 1.5 mM MgCl2; 10 }ig/ml gelatin), 25 pmoles of each primer, 200 |iM each 
of dATP, dCTP, dGTP, and dTTP; and 3-5 |ig of template DNA in a total volume of 50 
|il. The samples were then overlaid with mineral oil, heated to 85° C for 5 min. and then
1.5 units AmpliTaq DNA polymerase were added (Perkin-Elmer). The reaction mixtures 
were cycled in a DNA Thermal Cycler (Perkin-Elmer) 35 times at 95°C for a 1 min 
denaturation, 45°C for a 1 min annealing, and 65°C for a 3 min extension with a final 
extension at 55°C for 5 min. PCR amplification products were cloned into pCRII and 
Escherichia coli INV aF vectors using the TA Cloning system (Invitrogen). Restriction 
fragment subclones were cloned into pUC8, pUC9, and DH5a (Life Technologies).
DNA sequencing
Clones with rDNA inserts were sequenced via the dideoxy chain termination 
method (Sanger and Coulson, 1975) using the Sequenase kit (U.S. Biochemical). 
Preparation of template DNA was done through an alkaline-denaturation method containing 
from 3 to 5 Jig of plasmid DNA. Template DNA was heated at 37°C for 30 min in the 
presence of 0.2M NaOH, 0.2M EDTA, neutralized by adding 0.1 volumes of 3M sodium 
acetate (pH 4.5 - 5.5), and then precipitated with 3 volumes of 95% ethanol 
(-90°C for 15 min.). After washing the pellet with 70% ethanol it was resuspended in 7 
jil of dH20. Template and primer were annealed in a 10 jil reaction, with 0.5 pmoles of 
the primer and 2 jil of 5X reaction buffer ( 200 mM Tris-HCl, pH 7.5, 100 mM MgCl2, 
250 mM N aC l). The reaction was heated to 65°C for 5 min. and allowed to cool slowly to 
room temperature for approximately 40 min. The labeling reaction was initiated with the 
addition of 1 jil of 0.1M dithiothreitol (DTT), 2 jil of a 1:5 diluted labeling mix, 6.25 p.Ci
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of [a-35 S] dATP, and 2 jil of Sequenase II® version 2.0 ( U. S. Biochemical) diluted 1:8 
in enzyme dilution buffer (10 mM Tris-HCl, pH 7.5, 5mM DTT, 0.5 mg/ml BSA). The 
reactions were mixed gently and incubated for 5 min. at room temperature. Four tubes 
labeled G, A, T, and C, for each labeling reaction were prewarmed to 37°C during the 5 
min incubation. Each tube contained the appropriate termination mix. For example, the 
tube labeled G contained 2.5 jil of the ddGTP termination mix (80 jiM dGTP, 80 jiM 
dATP, 80 |iM dCTP, 80 pM dTTP, 8 |iM ddGTP, 50 jiM NaCl). To each termination 
mix tube, 3.5 fil of the labeling reaction was added and incubated at 37°C for 5 min. Four 
|il of stop solution (95% formamide, 20 mM EDTA, 0.05% Bromophenol Blue, 0.05%
Xylene Cyanol FF) were added to each tube. Samples were then stored at -20°C. 
E lec tro p h o res is
Sequencing reactions were run on a 6% polyacrylamide gel (25.2 g urea, 9 ml 40% 
bis-acrylamide, 12 ml 5X TBE, 300 jil 10% ammonium persulfate, 38 |il TEMED in a 
total volume of 60 ml) poured 1 day prior. The samples were run at approximately 50 W 
for 4 h for the first loading and 2-2.5 h for the second loading. The gel was then soaked in 
10% methanol, 10% acetic acid for 15 min., transferred to Whatman 3MM 
chromatography paper, covered with plastic wrap, and dried at 75°C under vacuum in a gel 
dryer for one hour. X-ray film ( Kodak XAR5) was then exposed to the dried gel within 
an autoradiography cassette for 17-24 hours (Sambrook et al., 1989). To ensure accuracy 
of the sequence data, both strands of multiple clones of each organism's rRNA gene were 
sequenced. The collections of H. louisiana and U. crescens sequence data were assembled 
into a composite gene sequence using the Gene Jockey II software package (Taylor,
1993).
Sequence alignments and parsimony analysis
Sequences were submitted to GenBank and given accession numbers (gb U47851) 
for H. louisiana and (gb U47852) for U. crescens. All other sequences were obtained 
from GenBank at retrieve@ncbi.nlm.nih.gov. Analyses were performed on the following
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taxa (GenBank accession numbers in parentheses): the ciliates Oxvtricha nova (gb 
X03948, M 14601), Tetrahvmena pyriformis (gb M98021), Stylonvchia pustulata (gb 
M l4600), and Paramecium tetraurelia (gb X03772); the apicomplexans Cryptosporidium 
muris (gb L19069), Theileria annulata (gb M64243, M34845), and Toxoplasma gondii (gb 
X75429); the dinoflagellates Crvpthecodinium cohnii (gb M64245, M34847),
Symhiodinium corculorum (gb L13717L Prorocentrum micans (gb M 14649), and 
Amphidinium helauense (gb L13719); another oyster parasite Perkinsus marinus (gb 
X75762) and the 3 other haplosporidians Haplosporidium nelsoni (gb U 19538), 
Haplosporidium costale (gb U20858), and Minchinia teredinis (gb U20319). Trees were 
rooted with Saccharomvces cerevisiae (gb JO 1353, M27607) and Pennicilium notatum (gb 
M55628). Alignments of the haplosporidian sequences with those of closely related 
protists (dinoflagellates, ciliates, apicomplexans) were made using the multiple alignment 
software Malign (Wheeler and Gladstein, 1993) on a SPARC-5 SUN-OS processor.
Malign employs the use of apomorphic similarities and parsimony to align the sequences. 
Malign also uses a branch and bound type examination of all possible alignment orders, in 
other words the alignment procedure involves activly searching and swapping on all 
alignments and trees obtained. Multiple alignments were carried out with the following 
parameters: PAUP (output for entry to PAUP); BUILD (alignments constructed 
analogously to cladogram construction); KEEPALIGNS 20 (the best, and all up to 20 
equally parsimonious, alignments are kept); KEEPTREES 100 (maximum number of 
equally costly trees to keep); ALIGNSWAP (swap on final alignments);
ALIGNADDSWAP (multiple swapping on interim alignments); ALIGNNODESWAP 
(swap tree on nodes); SCORE 0 (uses non-topological, column score); TREEADDSWAP 
(swap on interim cladograms); TREES WAP (swap on final cladograms); CHANGE 1 
(cost of a nucleotide transformation); INTERNAL 4 (cost of an internal gap); ITER (iterate 
"maxgap" to allow larger gap sites). Where necessary, alignments were edited by eye
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across all sites in all alignments. For phylogenetic inferences approximately 1,876 sites 
were included for all taxa considered.
A 135-base region of the alignment was excluded from final analysis. The 
incongruence-length-difference test (Fanis et al., 1995) was used to determine whether the 
exclusion of a 135-base pair region was justified. The length-difference of this partition 
was compared to 999 random partitions of equal size with ARNIE.EXE (Siddall. 1995b).
The incongruence length difference (DXy) is a measure based on the difference between the 
number of extra steps for the tree from the combined data (Lx+y) and the sum of the extra 
steps for the trees of the individual data sets (Lx, Ly). The incongruence-length-difference 
test (Farris et al., 1995) is a statistical test developed for the detection of significant 
heterogeneities between data sets. First DXy [DXy = Lx+y -(LX+ Ly)] is calculated for the
observed partitions. Next the characters in the data sets are randomly shuffled into data 
sets of the same two sizes as the observed and DXy is recalculated, and this procedure was 
repeated 1000 times. The incongruence length difference obtained from the observed data 
is compared with that from these randomized data. The proportion of times that the 
randomized data yield a value of DXy value greater than that of the original data yields the 
tail probability P value. Values of P < 0.05 indicate incongruence.
Phylogenetic investigation involved maximum parsimony and transversionally 
weighted parsimony, in which optimal trees are those with the fewest number of 
transformations. For all data sets, analyses were conducted with PAUP version 
3.1.1(Swofford, 1993). The branch and bound option was used to guarantee finding the 
shortest tree. To account for conditions of mutational biases caused by high substitution 
rates, the approach of transversionally weighted parsimony was taken using a stepmatrix 
option. Pairwise absolute and mean patristic distance matrices also were calculated using 
PAUP. Bootstrap values (Felsenstein, 1985) were carried out using both the bootstrap 
option in PAUP and HEYJOE.EXE in Random Cladistics (Siddall, 1994). Jacknife 
Monophyly Index
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(Siddall, 1995a) values also were calculated using Random Cladistics (Siddall, 1994).
Bootstrapping is a statistical resampling procedure for the estimation of statistical 
error in situations where the underlying sampling distribution is unknown or difficult to 
derive analytically (Efron and Gong, 1983). A phylogenetic tree is an estimate of the tree 
phylogeny, and the characters used can be considered to be a sample of all conceivable 
characters. The justification for this resampling is that, if the original sample size is large, 
each possible value will be represented in the same proportion as in the underlying 
distribution, and thus resampling from the data points with replacement will be the same as 
sampling from the underlying distribution. Characters are randomly resampled from the 
original data set, with replacement, until a new data set of the same size as the original is 
formed. Tree construction is then performed with the bootstraped data set. This 
comprises one "bootstrap replicate". This procedure is repeated at least 100 times, and the 
frequency of occurrence of each monophyletic group of taxa is recorded (Felsenstein,
1985). The degree of support for a particular clade on the estimated tree is measured by 
the proportion of trees in a replicate that possess that clade averaged over all replicates.
Like the bootstrap, the Jacknife Monophyly Index (JMI) (Siddall 1995a) is a 
method of resampling data to infer the stability of monophyletic hypotheses. It proceeds 
by removing one taxon at a time from the original data and recalculating trees. This 
approach of manipulating the data by varying the taxa, is used to determine stable portions 
of phylogenies. All replicates, which are the recalculated trees obtained by removal of the 
taxa, are examined for all monophyletic groups that occur in all equally parsimonious trees 
that result from the original data. As with the bootstrap, JMI values are the frequency of 
support for a clade in each pseudoreplicate, averaged over all pseudoreplicates.
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RESULTS
The SSU rRNA gene sequence of H. louisiana consisted of 1,771 bases (Fig. 2) 
while the same gene from U. crescens consisted of 1,854 bases (Fig. 3). The aligned 
sequences, for all species used in the analyses, (Appendix I) provided approximately 950 
phylogenetically informative sites.
Maximum parsimony analysis using the unedited alignment returned from Malign 
yielded 1 most parsimonious tree (Fig. 4A) with a tree length of 3991 and a consistency 
index (Cl) of 0.427 for informative characters. The haplosporidians formed a 
monophyletic group which was sister taxon to the ciliates. In this tree, the ciliates, the 
genera Oxvtricha. Stvlonvchia. Paramecium and Tetrahvmena formed a clade. Similarly 
the dinoflagellates, the genera Prorocentrum. Svmbiodinium. Amphidinium. and 
Crvpthecodinium also were supported as a clade with Perkinsus sp. as its sister taxon.
The results of this analysis, however, did not support monophyly of the apicomplexans. 
That is, the genus Toxoplasma was not grouped with the genera Cryptosporidium and 
Theileria.
Results from the second analysis, after the multiple alignments were edited to 
correct for arbitrary gap impositions and illogical alignments, yielded 1 most parsimonious 
tree (Fig. 4B) with a length of 3233 and a Cl of 0.466 excluding uninformative characters. 
This tree placed the phylum Haplosporidia as the sister group to the clade composed of the 
dinoflagellates, Perkinsus and the apicomplexans; however, this tree also lacked support 
for monophyly of the apicomplexans. A closer look at the multiple alignment indicated that
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Figure 2. Small subunit rRNA gene sequence of Haplosporidium louisiana (GenBank™ 
accession number U47851) isolated from the mub crab Panopeus herbstii collected from 
the VIMS oyster pier in the lower York River, VA in September 1991.
1 C C G A A T T C G T C G A C A A C C T G G T T G A T C C T G C C A G T A G C C A T A T G C T T T T C T C G A A G A T T A
6 1 A G C C A T G C A A G T G C A A G T T C A A G C A G C T T G A A C T G T T A A A C T G C G G A C G G C T C A T T A A A T
1 2 1 C A G A A C T G A T T T A T T T G A T A T A A G T A C A T T G T A C T T A G G A T A C C C A T G A T A A A G T T A T G G
1 8 1 C T A A T A C T T T T T A A A C A C T T A G A C T T T G T C T G G T G G A C  A T A T A T A T T G T A A A T C A A C T T T
2 4 1 T G T G A A C A A T A A T A T G T T T A A G A T C G C T T A A A A G C G A C A T G T C A T T C A A G G T T C T G C C C T
3 0 1 A A C A T G T T T G A C G G T A G G G T A T T G G C C T A C C G T G A C A G T A A C G G G T A C G G G G A A T C A G G G
3 6 1 T T C G A T T C C G G A G A G G G A G C C T G A G A A A C G G C T G C C A C A T C C A C G G A A G G C A G C A G G T G C
4 2 1 G A A A A T T A C  C C A A T T C T A A C A C A G A G A G G T A G T A A A G A G A C A T A A C G C T T T A T C T G G C T C
4 8 1 A G G T C A G A T C T G C G G A A T G A G A A A A C T T A A A C T A C T T A T C G A C T A A C A A G T G G A G G G C A A
5 4 1 G T C T G G T G C C A G C A G C C G C G G T A A T A C C A G C T C C A C G A G T G T A T G C T A A G T T T G C T G C C G
6 0 1 T T A A A A A G C T C G T A G T T G G A C A T T T A C A C T T C T T T C A T T G T T C T T T T T G G A C A A C T C A A T
6 6 1 G A G T G A A A G T T G T G T A T A T T T C G A G A C A T T C A G T C G T C C A T T A G T T T G G T C G G C C G T T T T
7 2 1 G A C T C G A T C G A A T A C T T T G A C G A A A T T G G A G T C G T C A G T C G A G G T T G G C C C T G A A C G C G A
7 8 1 T A C A T G G G A T A A T A A A C T A A T A G C T T G G C T G G T G T T A A T A A T A C C A A G T T T G T T G G T T T A
8 4 1 G A G C C A A G G T A A T G A T T A A T A G G A A C G G T C G G G G G T G G C  A G T A T C A T C G G G C C A G A G G T A
9 0 1 A A A T T C G T T C A A C C T G A T G G G A C T A T C A T T T G C G A A A G C A G C C A C C A A G A A C  G T T T T C  T T
9 6 1 T A A T C  A A G A A C T A A A G C T T G T G T A C T C A A G A C G A T C A G A T A C C G T C G T A G C A C A A G C C A T
1 0 2 1 A A A C T A T G T C G A C T A A G T A T T G G G C A G A A G T C G A G A C T G C T C A G G G C T T T G C G A G A A A T C
1 0 8 1 A A A G T C T T A A A A C T C G G G G G G A A G T A T A C  C C G C A A G T G T G A A A C T T A A A G G A A T T G A C G G
1 1 4 1 A A G G G C A C C A C C A G G T G T G G G G T G C G C G A C T C A A T T T G A C T T A A C A C G G G G C A C C T C A C C
1 2 0 1 A T G T C C A A A C T C A G A G A T G A T T G A C A G A T T A A A G T T C T T T C T T G A T T C T G A G A C G G T G C G
1 2 6 1 C A T G G C C G T T G T T A G T T G G T G G A G T G A T T G T C T G G T C A A T T C C G A T A A C G A C G A G A T C C C
1 3 2 1 A A C C C T A T T T T A G T A G T C G C T A A T A A A T T A G C T T C A C T A T T T C T T T A G G G G A C T G T C C A C
1 3 8 1 G G T A A A A C A G T G G A A G G A A G T T T G G G G C T A T A A C A G G T C C G T A T G C C C C T A G A T G A C A T G
1 4 4 1 G G C C G T T T C G C A C A C C A C A T T G A T T T T C  A A A G A A A G C T C G T A C G C G A A A G C G T T G T G C A A
1 5 0 1 G C A A T A A A G T T A A T C A A A G T A G G G A T C A G A G G T T G C A A T T T T C C T T T G T G A A C A A G G A A T
1 5 6 1 A T C T T A T A A A C G C A A G T C A G A A A C  T T G T G T T G A A T A C G T C C C T G C C C T T T G T A C A C A C C G
1 6 2 1 C C C G T C G C T T C T A C C G A T T G A A C G A T T G T G T G A A A C T A G T G G A G A G G T C T T C G A T C T T A A
1 6 8 1 A G C T A G G T A A G C A T T G T T G T T T A G A G G A A G G A A A A G T C G T A A C A A G G T T T C A G T A G G T G A
1 7 4 1 A C C T G C A G A A G G A T C A A G C T T G G A T C C C G G G
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Figure 3. Small subunit rRNA gene sequence of Urosporidium crescens (GenBank™ 
accession number U47852) isolated from microphallid trematode metacercariae infecting 
blue crabs, Callinectes sapidus collected from Wachapreague, VA in November 1994.
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G A T G C T C T G G  
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C C A A A T C A T T
A T C C T G C C A G
A C G T T T T G T A
A A A A A G C T A C
G C G C G A C G G G  
A A T A A T T G T T  
T C A G C T T T C G  
G T T C G A T T C C  
CG  C A A A T T A C  
A A A G G T C A G C  
A A G T C T G G T G  
A G T T A A A A A G  
G A C G G T G G T C  
A G A A C C A G T A  
A G A G C T G T T C  
T T T G G T T C T A  
A G T A T C G C C G  
A T T C A C C A A G  
A A G A C G A T C A  
T G T C G G A G A G  
G A A G T A T G C T  
A G C C T G C G G C  
T T G A C A G A T T  
G T G G A G T G A T  
G A A C G T A T T A  
A C T A C T A C T C  
G C T G C G G A C G  
G G C A A A T C A T  
A G G A G T A T C T  
C A C C G C C C G T  
T T T T C A T A A T  
T A G A G G A A G G
T A G T C A T A T G  
C T G T G A A A C T  
A C G G A T A A C T  
A A G C A T G T A C  
C G G A T C G C A T  
A T G G T A G A A T  
G G A G A G G G A G  
C C A A T C C T A A  
C A A T C G G A A T  
C C A G C A G C C G  
C T C G T A G T T G  
A A A G A G C C A T  
G G C C A T T A A G  
A A A G C A G G C G  
T T T T G T T G G T  
G C T C A G A G G T  
T G A T A T C T G C  
G A T A C C G T C G  
C G A C A T A C T C  
C G C A A G A G T G  
T T A A T T C G A C  
G A A G C T C T T T  
T T G T C  T G G T T  
G T G G C G C G C A  
T A G A G G A G C A  
C G C G C T A C A A  
A A A A A T G T G C  
A G T A A C G C A A  
C G C T C C T A C C  
A T T G T T G T T A  
A G A A G T C G T A
C T T G T C T C A A  
G C A G A T G G C T  
G T A G T A A T T C  
T T A T T A G A C A  
G G C A T A A A G C  
A T G G G C C T A C  
C C T G A G A A A C  
A A C A G G G A G G  
G A G G A C A G T G  
C G T A A T A C C A  
G A T A T C G T G G  
T A G T G G T T C  A  
T T G G C G G C T G  
T G A A C G G C A A  
T T T G A G C T G A  
G A A T T C C T C G  
G T G A T A T C T T  
T A G T C C C A A C  
A G G A C C C T A T  
A A A C T T A A A G  
T C A A C A C G G G  
C A T G A T T C T A  
A A T T C C G T T A  
G A G C A T C C T G  
T C G C T A T G A A  
T G G C A C A T T C  
C G T G A T T G G G  
G T C A T C A G C T  
G A T T G A A T G A  
T G A A G T G A A A  
A C  A A G G T T T C
A G A T T A A G C C  
C A T T A A A T C A  
T A G A G C A A A T  
G A A A T A A A A T  
C G G C G A C A G G  
C A T G G C A G T G  
G G C T A C C A C A  
T A G T G A C A A G  
T A A A A A C C T T  
G C T C C W C T A G  
A T G G C A G G A G  
G T C G A C C G G C  
G A G A A C  C C G A  
T G G A T T A G C A  
A G T A A T G A T T  
G A T T C T G G T G  
C G T T A A T C A A  
C A T A A A C G A T  
T T G A G A A A T T  
A A A T T G A C G G  
A A A G C T T A C C  
T G G G T A G T G G  
A C G A A C G A G A  
C A A A C C A A A A  
G C G A T T G G A G  
A A C A C G C A A A  
A T A G A T G A T T  
T G C A T T G A A T  
T C C G G T G A A T  
G T T G A C A A A A  
C G T A G G T G A A
A T G C A T G T C T
G T T A T G G T T T
A C G T G A C A A A
C A A C G A A A A A
T C A T T C A A A T
A C G G G T A A C G
T C T A C G G A A G
A A A T A A C G A C
A T C G A A A A C A
T C G T A T A C T A
A A A T T G T C G G
C A G C C A T C C A
T A T T T T A C C T
T G G T A T A A T A
G A T A G G A T A G
A G A C T A A C T T
G A A C G A A A G T
G T C G A C T G G G
A A A G T C T T T G
A A G G G C A C C A
A G G T C C G G A C
T G C A T G G C C G
C C T C G G C C T G
T A C G G A G C A G
C G T G A G G T T A
A A A G C T A A A C
G C A A T T A T T C
A C G T C C C T G C
G C C G G G T G G A
G C G G T A T G A A
C C T G
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Figure 4. Results of maximum parsimony analyses. (A) Single most parsimonious tree 
resulting from maximum (unweighted) parsimony analysis using the unedited alignment 
obtained from Malign. (B) Single most parsimonious tree resulting from maximum 
parsimony analysis using the same alignment as in (A) but edited a posteriori by-eye. (C) 
Single most parsimonious tree obtained from maximum (unweighted) parsimony analysis 
using the edited alignments and excluding a 135-character region. Branch lengths are 
proportional to the number of hypothesized character-state transformations occurring along 
each branch. * Bootstrap value (% of 100 bootstrap pseudoreplicates, shown as the first 
number) and jacknife monophyly index value (shown as the second number) for the 
Haplosporidia as the sister group to the clade composed of the Phyla Dinoflagellida and 
Apicomplexa.
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a stable alignment was unobtainable for a 135-base region of the alignment. This portion 
of the aligned data was removed and sent back through Malign in an attempt to obtain a 
better alignment Malign continually retained the maximum number of equally 
parsimonious alignments (i.e. 20), indicating that it could not arrive at a stable pattern.
This portion of the aligned data was excluded and not allowed to influence phylogeny 
reconstruction in subsequent analyses. The exclusion of this portion of the data was 
supported by the incongruence length difference test which gave a tail-probability value of 
P = 0.001. Unweighted parsimony analysis of the remaining data yielded 1 most 
parsimonious tree (Fig. 4C) of length 2519 and a Cl of 0.506 for informative characters, 
placing the genera Minchinia. Haplosporidium and Urosporidium as a monophyletic 
group. The phylum Haplosporidia was supported as sister group to the clade composed of 
the phyla Dinoflagellida and Apicomplexa with a bootstrap value of 2% and a jacknife 
monopyly index value of 80%.
Inspection of pairwise absolute and mean adjusted patristic distances (Table I) 
revealed that the within-group distances for the haplosporidians were greater than those for 
the other alveolate taxa. Transversionally weighted parsimony placed the genera 
Urosporidium. Haplosporidium and Minchinia as a monophyletic group and the phylum 
Haplosporidia was hypothesized to be the sister taxon to the ciliates (Fig. 5). Weighting 
transversions either 2 or 5 or 10 times that of transitions did not alter these relationships.
Results of bootstrapping the transversionally weighted data (100 pseudoreplicates) 
suggested that the haplosporidians as the sister taxon to the ciliates was not well supported 
(bootstrap value of 47%). However, both the placement of the haplosporidians within the 
Alveolata and monophyly of the haplosporidians were supported in all bootstrap 
pseudoreplicates. The results of all of these analyses do not support inclusion of 
Perkinsus species in the phylum Apicomplexa.
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Results of jackknifing the taxa supported the placement of the haplosporidians 
within the Alveolata, the monophyly of the haplosporidians, and the ciliates as the sister 
taxon to the haplosporidians with a 100% value.
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Figure 5. Single most parsimonious tree resulting from transversionally weighted 
parsimony using the edited alignments and excluding a 135-character region. Branch 
lengths are proportional to the number of hypothesized character-state transformations 
occurring along each branch. Bootstrap values are shown as the first number at each node 
and jackknife monophyly index values are shown as the second number at each node.
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The secondary analyses, focusing on the species in the genus Haplosporidium, 
provided four different hypotheses (Fig. 6) for the within-group relationships of the 
Haplosporidia. There was some disagreement among analyses as to the exact placement of 
species of the genus Haplosporidium. Maximum parsimony analysis, using the ciliates as 
the functional outgroup, yielded 1 most parsimonious tree (length =1371 and CI = 0.690)
(Fig. 6A). The topology of this tree placed H. nelsoni closest to M. teredinis followed by 
the successive sister taxa H. costale and then H. louisiana. The results of transversional 
weighting using the ciliates as the functional outgroup yielded 1 most parsimonious tree of 
length 2021 (Fig. 6B). The transversionally weighted tree differs from the unweighted tree 
in that H. costale and H. louisiana form a clade as do H. nelsoni and M. teredinis.
Maximum parsimony analysis using the dinoflagellates as the functional outgroup yielded 1 
most parsimonious tree (length = 1419 and CI = 0.662) (Fig. 6C). The topology of this 
tree places H. costale and M. teredinis as a clade. Weighting transversions 2 times that of 
transitions using dinoflagellates as the functional outgroup resulted in 2 equally 
parsimonious trees (length = 2053) (Figs. 6B and 6D). The first (Fig. 6B) is the same 
hypothesis reached using the ciliates as the functional outgroup with transversional 
weighting. In the second (Fig. 6D), H. costale and H. louisiana are monophyletic where as 
M. teredinis and H. nelsoni are not. Using the apicomplexans as the functional outgroup, 
maximum parsimony yielded 1 most parsimonious tree (length = 1359 and CI = 0.655) 
hypothesizing the placement of haplosporidian species as seen in Figure 6A. Results of 
transversional weighting using the apicomplexans as the funcdonal outgroup gave the same 
hypothesis (Fig. 6B) reached using either the ciliates as the functional outgroup with 
transversional weighting or the dinoflagellates as the functional outgroup with 
transversional weighting.
Notably, all the previous analyses placed Urosporidium crescens as the first 
diverging haplosporidian. Maximum parsimony analysis, using Urosporidium crescens as 
the functional outgroup to the rest of the haplosporidians, yielded 1 most parsimonious tree
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(length = 822 and CI = 0.886) (Fig. 4A). Weighting transversions 2 or 5 times that of 
transitions and using Urosporidium crescens as the functional outgroup yielded the same 
tree as maximum parsimony (Fig. 4A).
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Figure 6. Trees focusing on the relationships among species in the genus 
Haplosporidium. A. Most parsimonious tree obtained using either the ciliates or the 
apicomplexans as functional outgroups without transversional weighting and using 
Urosporidium as the functional outgroup with or without transversional weighting. B. 
Tree obtained from transversionally weighted parsimony using either the ciliates, the 
dinoflagellates, or the apicomplexans separately as functional outgroups. C. Most 
parsimonious tree using the dinoflagellates as the functional outgroup. D. Tree obtained 
from transversionally weighted parsimony using the dinoflagellates as the functional 
outgroup.
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D iscussion
The phylogenetic analyses of the SSU rRNA gene of the five haplosporidians used 
in this study provide support for the hypothesis that the phylum Haplosporidia is a 
monophyletic group that falls within the Alveolata clade. There are limited morphological 
data that support the placement of the Haplosporidia within the Alveolata clade. 
Morphological synapormorphies for the Alveolata, which consist of the dinoflagellates, 
ciliates and apicomplexans, include: tubular mitochondrial cristae, presence of multi- 
membraned cortical alveoli and the presence of rows of microtubules underlying the 
plasmalemma. Haplosporidians similarly have been shown to exhibit tubular mitochondrial 
cristae, a double-inner-membrane complex, and infraplasmalemmelar microtubules in a 
variety of developmental stages (Perkins, 1971; Deportes and Nashed, 1983; and 
McGovern and Burreson, 1990). In addition, ultrastructural data suggest a similarity 
between micronemes of the phylum Apicomplexa and the electron dense haplosporosomes 
of the haplosporidians (Perkins, 1971).
The trees shown in figures 4C and 5 are convincing because each supports 
separately, the monophyly of the ciliates, the monophyly of the dinoflagellates and the 
monophyly of the apicomplexans. Because of the lack of support for monophyly of the 
apicomplexans figures 4A and 4B are problematic because previous molecular and 
morphological analyses have supported a monophyletic Apicomplexa (Barta, 1989; Barta 
et al., 1991; Gajadhar et al., 1991; Siddall and Desser, 1991). Figure 4A resulted from 
maximum parsimony using the unedited alignment obtained from Malign. The importance 
of using the unedited alignment rests in its complete objectivity of the alignment and, thus,
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relative freedom from experimenter bias. On the other hand, due to the objectivity of the 
alignment, there are reasons to suspect systematic errors and for editing a posteriori. For 
example, the small subunit ribosomal RNA gene has both conserved and variable regions, 
and yet, a 4:1 internal gap/nucleotide substitution cost ratio was used throughout the entire 
gene. This ratio may be less appropriate in the variable regions. Another reason for editing 
the alignment involves how the alignment is obtained by the software. The computer 
works on a 15 to 20 base section of the alignment at a time. If there is an insertion/deletion 
event which is equal to or larger than the 20 base section, it can lead to the placement of 
arbitrary gaps in the alignment. The software does not have the ability to look beyond 
the 15-20 base section in search of a better alignment. Figure 4B resulted from maximum 
parsimony using the same alignment as in figure 4A but edited by eye to correct for illogical 
alignments and gap impositions. Nonetheless, this tree also lacked support for monophyly 
of the apicomplexans.
A closer look at the alignment showed a 135-base region of the alignment which 
was impossible to align with any degree of certainty. This 135-base portion of the 
alignment was removed and sent back through Malign for reconsideration. Malign 
continually retained the maximum number of equally parsimonious alignments (i.e. 20), 
indicating that it could not arrive at a stable pattern. This portion of the aligned data was 
then excluded and not allowed to influence phylogeny reconstruction. Removal of the 135- 
base region remedied the problem of a paraphyletic Apicomplexa. The exclusion of the 
135-base region was supported by the incongruence length difference test which gave a tail 
probability of P = 0.001. This test calculates the additional homoplasy caused by 
combining data sets and compares it to a null distribution of random expectations.
Significance is determined if the proportion of the time that the random partitions contain 
more homoplasy is less than 5%.
In light of the extremely high substitution rates for the haplosporidians in particular 
H. louisiana (Table I), a final analysis was carried out using the approach of
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transversionally weighted parsimony. Weighting transversions has been shown to 
outperform maximum parsimony under conditions of mutational biases (Huelsenbeck and 
Hillis, 1993; Hillis et al., 1994). Transversions occur less frequently than transitions due 
to biochemical constraints. Transversions require a change in molecular structure from 
pyrimidine to purine or purine to pyrimidine. Transitions can occur so frequently that they 
could become uninformative. Multiple substitutions can occur at the same site, and given 
enough time they can reach a point of saturation. Therefore, the observed change may not 
truly reflect the actual historical change. For example, a transition change from A to G may 
actually reflect a change from A to G to A to G, given enough time. Because of the 
rareness of transversions, a change from A to C is more likely to result from a single 
change of A to C as opposed to multiple transversions from A to C to A to C. Thus, with 
respect to the greater rate at which transitional mutations accumulate, transversionally 
weighted parsimony considers the more slowly evolving transversions to be more 
informative.
Transversional weighting is only defensible if the stability of a hypothesis is 
improved. As anticipated, transversional weighting tended to stabilize results in terms of 
both bootstrap values and Jacknife Monophyly Index values found for monophyletic 
groups. There are a number of assumptions underlying the bootstrap. The most important 
is the requirement that the characters be identically and independently distributed. It is 
especially important to remember that if the sample of characters does not accurately reflect 
the larger underlying distribution of characters, then neither will the bootstrap confidence 
intervals. Low bootstrap frequencies for a clade may not be due solely to a lack of 
character support (Sanderson 1989) and, in and of themselves, need not be considered as 
statistical support for clades (Sanderson, 1989). Regardless of such interpretation, 
bootstrap values are useful in determining the stability of a hypothesis to changes in 
character information and to weighting schemes. For example, these values suggested 
greater stability for the placement of the Haplosporidia with the ciliates in the
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transversionally weighted tree (Fig. 5), with a bootstrap value of 47%, than the unweighted 
alternative hypothesis in Figure 4C, with a bootstrap value of 2%. Furthermore, the 
placement of the Haplosporidia in the transversionally weighted tree is more stable to 
changes in taxon perturbation with a JMI value of 100%, than the placement of the 
Haplosporidia in the alternative hypothesis, which has a JMI value of 80%. Siddall 
(1995a) explicitly cautioned against consideration of JMI values in a statistical framework 
and argued only for their utility as a tool for determining clade stability in a general sense.
Suggestions that species of Perkinsus should be grouped within the phylum 
Apicomplexa (Levine, 1988) were not supported in any of these analyses. These results 
are consistent with the conclusions of Fong et al. (1993b), Goggin and Barker (1993), and 
Siddall et al. (1995), indicating a more recent common ancestry with the dinoflagellates for 
Perkinsus.
Secondary analysis indicated paraphyly for the genus Haplosporidium. The family 
Haplosporidiidae traditionally has been separated into 2 genera, Haplosporidium and 
Minchinia, based on the presence and type of spore projections. Species of both genera 
have spores possessing an operculum covering the orifice, and a wide variety of structures 
collectively termed ornamentation. This ornamentation has been described as “wrappings”, 
“ribbons”, “threads”, “filaments” or “tails” (McGovern and Burreson 1990). Inadequacies 
of the original type-species descriptions and lack of ultrastructural observations have led to 
conflicting definitions and confusion as to the proper generic allocation of many species. 
Ormieres (1980) described Haplosporidium spp. spores as possessing extensions of the 
spore wall and Minchinia spp. spores as possessing extensions of epispore cytoplasm.
Perkins (1990, 1991), however, grouped species with spores with extensions visible with 
a light microscope, irrespective of whether they originate from the spore wall or in epispore 
cytoplasm, in the genus Minchinia, and species with spores lacking such extensions in the 
genus Haplosporidium.
Of the five haplosporidian species used in these analyses three are in the genus
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Haplosporidium and one is in the genus Minchinia. Descriptions of the fine structure of 
spores of these four species have been documented in the literature. Haplosporidium 
nelsoni spore ornamentation is composed of tubular wrappings around the spore with 
cartwheel-like internal substructure. These wrappings are formed in the cytoplasm but are 
left behind after the cytoplasm lyses and disappears (Perkins, 1968). Haplosporidium 
louisiana spores have been described by Perkins and Van Banning (1981) as electron dense 
wrappings with no discernible substructure forming in vacuoles of the epispore cytoplasm. 
These wrappings were found either fused to the spore wall or wrapped loosely around it 
after degradation of the cytoplasm. Perkins (1969) also described the ornamentation of H. 
costale. He found that these wrappings consisted of a braided fine structure and two sets of 
parallel electron dense lines; these wrappings also persist after degradation of the 
cytoplasm. Spores of M. teredinis have ornaments that are composed entirely of epispore 
cytoplasm and are not attached to the spore wall (McGovern and Burreson, 1990). 
Microtubule-like structures are found within the cytoplasm; these structures and the 
cytoplasm extend to form four distinct epispore cytoplasm extensions in mature spores.
These species are therefore in accordance with Ormieres’ generic allocation of species using 
morphological criteria. The molecular data presented here do not provide support for the 
morphological generic distinction of either Ormieres or Perkins.
In the secondary analyses there was some disagreement concerning the exact 
placement of species in the genus Haplosporidium. In no analysis, however, did they fall 
out as a monophyletic group. In all cases the genus Minchinia fell out among the species of 
Haplosporidium and in every case Urosporidium was the earliest diverging haplosporidian.
My results suggest that the genus Urosporidium represents the plesiotypic morphotype, 
with the presence of an opercular cap evolving sometime after the divergence of 
Urosporidium . The evolution of spore ornamentation remains unresolved. The 
unequivocal establishment of Urosporidium crescens as the sister taxon to the rest of the 
haplosporidians leads to the conclusion that Figure 4A, which was obtained by using
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Urosporidium crescens as the functional outgroup with and without transversional 
weighting, is the best hypothesis for the within-group relationships of the Haplosporidia.
The lack of resolution of the relative relationships of species in the genus 
Haplosporidium may be improved by the addition of more taxa. For example, even though 
the data indicate paraphyly for the genus Haplosporidium there was only one representative 
taxon for each of the other genera Minchinia and Urosporidium. In addition none of the 
type species of these genera were included in these analyses.
Due to the lack of sufficient morphological characters obtainable from ultrastructural 
study of the group can be made with additional character information from morphology as 
well as from additional genetic data sets. In general, studies that incorporate both molecular 
and morphological data provide a better interpretation of species history (Swofford and 
Olsen, 1990). With respect to additional genetic data sets, mean sequence divergences 
ideally should be between 0.10 to 0.30 (Hillis and Dixon, 1991). The SSU rRNA gene 
sequences for the Haplosporidia gave a within group mean sequence divergence ranging 
from 0.11 to 0.25. These fall well within the desirable values for phylogenetic purposes.
A look at the mean sequence divergences of the Haplosporidia in comparison to other 
alveolate groups shows over-all higher values (e.g., 0.301 between H. louisiana with 
Tetrahymena in Table I), indicating that additional genetic data should be provided from a 
slower evolving gene.
Another fact to consider when choosing additional genetic data sets is evolutionary 
constraint. Structural genes such as ribosomal RNAs maintain a certain secondary 
structure. Due to the importance of this conserved secondary sturcture, a mutation of a 
base on one side of the base-paired stem could favor a compensatory mutation for it 
complementary base pairing partner. On the other hand, for coding DNA sequences the 
degeneracy of the genetic code allows for the third position in codons to accumulate 
changes more rapidly than the second or first position. The use of a second gene, in a 
phylogenetic analysis, which functions under a different set of constraints could provide a
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more complete interpretation of species history. In other word both genes sould not lead 
you to the same false conclusion.
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